Background The purpose was the comparison of positron emission tomography using F-18-fluorodeoxy-glucose (FDG-PET) and spiral thoracic CT to detect pulmonary metastases from malignant primary osseous tumors Patients and methods In 71 patients with histologically confirmed malignant primary bone tumors (32 osteosarcomas, 39 Ewing's sarcomas) 111 FDG-PET examinations were evaluated with regard to pulmonary/pleural metastases in comparison with spiral thoracic CT Reference methods were the clinical follow-ups for 6-64 months (median 20 months) or a histopathologic analysis
Introduction
Malignant primary bone tumors metastasize mainly by hematogenous spread. Staging procedures as presently applied identify 15%-25% of patients as clinically apparent metastatic at diagnosis [1] . Without systemic cytotoxic treatment, 80%-90% of patients die due to metastases. The improved outcome of patients with primary bone tumors in the past two decades has mainly been achieved by the use of adjuvant aggressive chemotherapy to control micrometastases [2, 3] Thus, survival rates have been increased by up to 55%-65% in a localized disease However, outcome is still poor in patients with clinically apparent metastases. In patients with Ewing's sarcomas, therapy studies for pulmonary metastatic disease include total lung irradiation or myeloablative chemotherapy concepts [4] . If the lungs are the only site of metastases in osteosarcoma patients, surgical resection added to standard therapy may be curative. Long-term survival is reported to be at 20%-50% after complete resection of all macroscopically evident metastatic tissue. In contrast, when the radical surgical removal of pulmonary metastases is impossible, patients rarely survive longer than two years [5, 6] . Therefore, an accurate and early detection of pulmonary metastases is necessary to further improve outcome.
The current diagnostic tool for the detection of pulmonary metastases is spiral CT More recently, positron emission tomography with F-18-fluorodeoxy-glucose (FDG-PET) has been used to improve the differentiation between benign and malignant focal pulmonary abnormalities [7] FDG-PET proved itself to be a good staging tool in a variety of malignant tumor entities. Malignant primary osseous tumors usually show an increased glucose metabolism and thus FDG-PET can be used for grading [8] and therapy monitoring of these tumors [9, 10] Additionally, FDG-PET is useful for detection of osseous metastases of Ewing's sarcoma [11] However, a systematic evaluation of the ability of FDG-PET to detect pulmonary metastases from primary bone tumors has not been reported.
Patients and methods

Patient population
In this retrospective analysis, we included all patients diagnosed with a malignant primary osseous tumor, who underwent one or more FDG-PET between August 1995 and June 1999, and who had an additional thoracic CT scan within four weeks before or after each FDG-PET examination One hundred thirteen consecutive FDG-PET examinations on seventy-two patients with a histologically proven diagnosis of a malignant primary bone tumor were evaluated One patient and a total of three examinations had to be excluded from analysis because of a still unknown reference state The remaining 71 patients, 26 female, 45 male, and of which 32 had osteosarcomas and 39 Ewing's sarcomas, ranged in age from 3 to 42 years (median 14 years) In 42 patients one FDG-PET examination was obtained Of the remaining 29 patients, 21 had 2 examinations, 6 had 3 examinations and 2 had 4 examinations Thirty FDG-PET scans were performed at the time of diagnosis (either of the first tumor manifestation or a recurrence of the disease) whereby no chemotherapy and/or radiotherapy was carried out for at least three months before FDG-PET Thirty-five FDG-PET examinations were performed within the first ten days of chemotherapy, and forty-five scans were obtained at a later stage during therapy (chemotherapy and/or radiotherapy) or just after the conclusion of therapy
Imaging techniques
FDG-PET scans were acquired using an ECAT EXACT 921/47 (CTI/ Siemens, Knoxville, Tennessee), allowing simultaneous acquisition of 47 contiguous slices with a 3 375 mm slice thickness (one bed position. 15 86 cm axial field of view) The patients had been fasting for at least five hours before the F-I8-FDG injection No patient was known to have diabetes melhtus or a pathological glucose tolerance Blood glucose levels at the time of injection were less than 6 66 mmol/1 in all patients For muscle relaxation, all patients received 5 mg diazepam orally (dose adjusted for weight in children) one hour before intravenous application of 3 7 MBq/kg body weight F-I8-FDG After F-I8-FDG administration, the patients were hydrated intravenously with 500 ml normal saline solution (0 9% NaCl) over 30 minutes, followed by an intravenous injection of 20 mg furosemide (dose adjusted for weight in children) All patients were asked to urinate immediately before being scanned The first 75 FDG-PET examinations were done without attenuation correction Emission scanning in whole-body technique (5-12 bed positions, acquisition time 5 min/bed position) was started 60 minutes after F-18-FDG application These FDG-PET scans were reconstructed by filtered back projection using a Hanning filter with cut off at the Nyquist frequency The resulting in-plane resolution of transa\ial images was approximately 8 mm fullwidth-half-maximum (FWHM), with an axial resolution of approximately 5 mm FWHM In the remaining 35 FDG-PET examinations, whole-body emission/transmission scanning (6 mm emission, 4 mm transmission/bed position) was performed Images with attenuation correction were reconstructed iteratively (ECAT software version 7 I) Additionally, in all FDG-PET examinations done with transmission scanning emission images without attenuation correction were obtained by filtered back projection as described above CT examinations of the thorax were performed using a Tomoscan AV-scanner (Philips, Best, The Netherlands) with a helical mode and without intravenous contrast medium administration in most patients All CT scans were performed after inspiration with the patient in a supine position using the following parameters 120 kV, 100 mAs, table feed 8 mm, collimation 5 mm, and reconstruction index 4 mm The scan volume extended from the lung base to the thoracic inlet and was acquired during one single breath hold period In the case of suspected lymph node metastases, images were obtained after an intravenous injection of I 5 ml/kg bodyweight nonionic contrast agent with a flow of 2 ml/s and a delay of 45 s Images were reconstructed using the lung and the soft tissue algorithm All patients/parents gave their informed consent to all FDG-PET and CT examinations
Imaging analysis
All images were evaluated visually by two experienced observers (consensus readings) describing the number and size of abnormal thoracic FDG-accumulations and focal lesions on the CT scans respectively FDG-PET scans (emission scans and additionally attenuation corrected scans if available) and spiral thoracic CT scans were interpreted independently and blinded to the results of other imaging studies, and clinical and/or pathological data Only data on the primary tumor (histological type, primary tumor site), age and gender of the patients were available to the observers On FDG-PET scans, any intrathoracic focal uptake above pulmonary background level was considered to be a metastasis Activity ratios between the visually detectable lesions and homologous contralateral normal lung were calculated according to Lowe et al [12] using maximum count rate values within the regions of interest (ROIs) As whole-body FDG-PET was performed, images were also analyzed regarding osseous and softtissue metastases and primary/recurrent tumor sites Assessing the thoracic CT scans, calcified and uncalcified nodules were considered as being metastases in osteosarcoma patients, whereas in Ewing's sarcoma patients only uncalcified nodules were classified as metastatic Aside from the clinically applied threshold (1), another more sensitive threshold (II) was used additionally in all thoracic CT examinations Applying threshold I, any pulmonary/pleural nodule > 10 mm or more than one nodule >5 mm and <10 mm were considered positive for metastatic disease Applying threshold II, additionally, any solitary nodule > 5 mm and < 10 mm or multiple nodules <5 mm were categorized as positive CT was not assigned to metastatic disease in case the pattern was typical for another disease (l e , granulomatous inflammation)
The relationship between the diagnostic ability of FDG-PET in the detection and the size of the lesions was evaluated. The lesions were classified into three size groups measured on the thoracic CT scan (largest lesion in each examination) > 10 mm, 5-9 mm, and < 5 mm
Reference methods
The results of both studies were compared with the clinical follow-up or histopathological analyses By definition, metastatic disease was considered to be present if either confirmed by hislological examination of the resected tissue or confirmed by the obvious progression in number and/or size of the lesions on follow-up examinations A lesion was defined as being benign after a stable imaging follow-up for at least six months (6-64 months, median 20 months) or. in equivocal cases, by a negative biopsy proof In case of doubt, the reference stale was classified as unknown
Statistical analysis
Diagnostic sensitivity, specificity, accuracy, and positive and negative predictive values were calculated on a patient based analysis (first FDG-PET and thoracic CT in each patient) and on an examination based analysis (all examinations) For analysis referring to patients, the 95% confidence interval (CI) for each parameter is given
Results
Reference methods
Reference methods revealed pulmonary metastatic disease in 16 out of 72 (23%) patients (nine proven by histology, seven proven by progression). In 55 patients reference methods were negative (three histological analyses). In one patient (referring to the first FDG-PET and CT examination) the reference state was classified as still unknown
On an examination based analysis, pulmonary/pleural metastatic disease was revealed in 24 out of 113 examina- a Treshold I any lesion > 10 mm or more than one lesion ^ 5 mm and < 10 mm were classified as positive b Treshold II any lesion ^ 5 mm or more than one lesion < 5 mm were classified as positive Within the first 10 days of chemotherapy tions (13 histological analyses, 11 follow-ups) and excluded in 86 examinations (three histological analyses). The benign lesions in the three patients with histological exclusion of metastatic disease were the following an interstitial inflammatory nodule, three lesions of a septic spread showing partial resorption, multiple granulomatous nodules which revealed to be tuberculosis In three examinations the reference state had to be classified as unknown, one examination being on the patient mentioned above. Two follow-up examinations in another two patients were done after pulmonary metastases had already been removed In the following results, only the 71 patients and the 110 examinations with defined reference states were considered.
FDG-PET
Pulmonary findings
Analyzing the results of the first FDG-PET examination each patient underwent, foci with increased pulmonary/ pleural tracer uptake were found in nine patients. By reference methods, eight of the examinations were classified as true positive, one as false positive. Sixtytwo patients demonstrated no pathological pulmonary/ pleural tracer accumulation in the first FDG-PET examination. Fifty-four were considered to be true negative, eight false negative. Thus, FDG-PET had a sensitivity of 0.50, a specificity of 0 98, and an accuracy of 0 87 (Table 1) Analyzing all FDG-PET examinations, 13 were categorized as true positive (Figure 1) , and 4 as false positive (Figure 2 ) Ninety-three examinations showed no pathological pulmonary/pleural tracer uptake. Eighty-two were considered to be true negative, eleven false negative (Figure 3 ). FDG-PET had a sensitivity of 0.54, a specificity of 0.95, and an accuracy of 0.86 (Table 2) on an examination based analysis.
Analyzing only the 30 examinations without any chemotherapy, 1 examination was classified as true positive, 2 as false positive, 21 as true negative and 6 as false negative. This results in a sensitivity of 0 14, a specificity of 0.91, and an accuracy of 0 73 ( Table 2) .
The results for different subgroups of patients and /or examinations -osteosarcoma vs Ewing's sarcoma, without therapy vs. during or just after therapy, without vs with attenuation correction -are summarized in Table 2 . In examinations performed with emission scanning, we did not find any additional foci in the attenuation corrected images compared with the non attenuation corrected emission images.
Twelve of sixteen examinations with lesions ^ 10 mm were correctly identified as positive with FDG-PET (sensitivity 0.75). Only one out of four examinations (a) (b) Figure 3 A 42-yeur-old female patient with an osteosarcoma of the right pelvis The pulmonary metastasis seen on the thoracic CT (C) at time of diagnosis (arrow) was missed on the FDG-PET scan (A coronal, B transverse) Follow-up CT examinations 6 and 12 months later revealed an increase in size with a maximum nodule size between 5 mm and 9 mm was correctly classified as positive FDG-PET was false negative in all examinations with metastases < 5 mm
The minimum activity ratio of foci classified as positive was 1.5; the maximum ratio was 4.0 A differentiation between malignant and benign lesions was impossible using this semi-quantitative analysis
Osseous and soft I issue findings
With regard to other metastatic locations, there were 34 true positive osseous lesions in all examinations, of which 13 had not been detected by the conventional staging methods (CT/MRI of the primary tumor site, thoracic CT, and bone scintigraphy) [11] . Additionally, three lesions in soft tissue revealed to be true positive, of which two were not detected before by conventional staging
Primary tumor sites
In 53 of the 65 examinations performed without any chemotherapy or during the first 10 days of chemotherapy, the primary/recurrent tumor site demonstrated a clear (50 examinations) or moderate (3 examinations) increased glucose metabolism In 11 examinations, the primary tumors had been resected before and therefore were negative on the FDG-PET scans However, in one examination the primary tumor which was located in the skull was not detectable on the FDG-PET scan.
Analyzing the primary/recurrent tumor sites in the 45 examinations during or just after the end of chemotherapy, there was a reduced glucose metabolism compared with a pretherapeutic examination in 16 patients, who all were categorized as responders histologically. In 21 examinations, the primary/recurrent tumor sites did not show any increased glucose uptake (14 after resection, 7 after chemotherapy). In five examinations, the glucose uptake was identical or increased in comparison to an examination before chemotherapy. These patients revealed to be non-responders. In three examinations with a moderate increased glucose metabolism of the primary/recurrent tumor site during/after chemotherapy, there was no pretherapeutic FDG-PET and therefore no trend Two patients revealed to be responders, one to be a non-responder [9] Spiral thoracic CT On a patient based analysis (first CT examination) using threshold I, all 12 examinations with at least 1 lesion > 10 mm or more than 1 lesion ^ 5 mm and < 10 mm were classified as true positive Fifty-five out of fifty-nine negative examination were considered as true negative, four as false negative Applying threshold I, spiral thoracic CT had a sensitivity of 0 75, a specificity of 1.00, and an accuracy of 0.94 (Table 1) . Using threshold II, in 29 examinations there were at least 1 lesion ^ 5 mm or more than 1 lesion < 5 mm Sixteen examinations were considered to be true positive and thirteen to be false positive. All 42 negative examinations were classified as true negative. Applying threshold II, spiral thoracic CT had a sensitivity of 1.00, a specificity of 0.76, and an accuracy of 0.82 on a patient based analysis (Table 1) Results on an examination based analysis and results for different subgroups of patients and/or examinations -osteosarcoma vs Ewing's sarcoma, without therapy vs. during or just after therapy, without vs. with attenuation correction in the FDG-PET -are summarized in Table 3 .
Both imaging modalities
In one patient (Figure 2 ) FDG-PET was false positive and CT revealed the typical pattern of a granulomatous inflammation, which was proven histopathologically A PET results there were no morphologic correlations in the thoracic CT, and the follow-ups (clinical and imaging) for more than six months (6, 11, and 15 months) did not reveal metastatic disease. In two patients, both FDG-PET and CT (using threshold I) detected pulmonary metastases for the first time in a follow-up examination. Additionally, CT (using threshold I) revealed pulmonary metastatic disease in a follow-up examination in three other patients with negative FDG-PET examinations. If threshold II would have been applied, two of these five patients could have be identified earlier (on the first CT examination). No patient had lung metastases detected earlier by FDG-PET than by thoracic CT Also no patient in our series had totally normal CT results and a true positive FDG-PET scan
Discussion
The lungs are a common site of metastases in primary malignancies of the bone Early pulmonary involvement is usually asymptomatic. Long-term survival of patients with pulmonary metastatic disease has improved over the last decades due to aggressive surgical resection (in osteosarcoma patients), bilateral lung irradiation (in Ewing's sarcoma patients), and effective multiagent systemic therapy [4, 5, 13] .
A factor that is more difficult to assess is the impact of improved imaging techniques Since CT became a routine part of diagnosis and follow-up, the detection rate of pulmonary metastases at diagnosis has increased [14, 15] However, it is known from animal studies that there are still limitations in the detection of pulmonary metastases even using helical CT, because micrometastases could be missed [16] . Another limitation of CT is that small pulmonary nodules are often not specific for metastases and can also represent benign abnormalities (i.e., granuloma or atypical vessels presenting as a nodule) [16] . In this study, CT revealed pulmonary lesions ascribed to benign conditions in 13 patients (first examinations) if threshold II (any lesion ^ 5 mm or more than 1 lesion < 5 mm were classified as positive) was applied. This is reflected in a low specificity of 0.75 on a patient based analysis. Applying the clinically used threshold I (only lesions ^ 10 mm or more than 1 lesion ^ 5 mm and < 10 mm were classified as positive) all 13 examinations with small benign abnormalities were correctly categorized as negative and specificity rose to 1 00. However, in another four examinations small lesions, which would have been considered benign if classified according to threshold I, revealed to be metastatic disease and thus, sensitivity decreased from 100 (threshold II) to 0.76 (threshold I) Detection of pulmonary/pleural metastases from primary osseous tumors by FDG-PET has been documented Schulte et al. [10] published four cases (in a total of 28 patients) with lung metastases from osteosarcoma that accumulated FDG. The aim of our study was to evaluate the clinical usefulness of FDG-PET in the detection of pulmonary metastases compared with CT The results show FDG-PET to be inferior to CT in the detection of metastases, and especially of small metastases Only one out of four examinations with metastatic lesions between 5 mm and 9 mm was correctly identified as positive with FDG-PETand none of the examinations with metastases < 5 mm. In our series, no patient had a completely normal CT scan and a true positive FDG-PET. These results are comparable with results from a FDG-PET study in patients with soft-tissue sarcomas, showing that sensitivity for detection of pulmonary metastases of FDG-PET was lower in comparison to spiral thoracic CT [17] .
Whereas spiral CT scan is performed during one single breath hold period, FDG-PET acquisition takes several minutes per bed position causing respiration blurredness. One of the main reasons for the limited sensitivity of FDG-PET is the size of pulmonary metastases from sarcomas. In our patient group, most of the metastatic lesions had a diameter below two times the full-width-half-maximum of the PET scanner (2x8 mm). Therefore true activity concentration in these lesions was obviously underestimated by FDG-PET (partial volume effect) [18] . However, it is known that even lesions smaller than the FWHM of a scanner are visible if the signal/ background ratio is high enough [19, 20] . There are studies describing cases where small pulmonary metastases from osteosarcomas missed on thoracic CT were detectable on Tc-99m-MDP bone scintigraphy (planar and/or SPECT) which has a much lower spatial resolution than PET and the same respiration blurredness [21, 22] . Therefore, another explanation for the limited sensitivity of FDG-PET seems to be a low tumor/background signal in pulmonary metastases from sarcomas. Almost all primary/recurrent tumor sites showed a clearly increased glucose uptake before or at the beginning of chemotherapy if no resection had been performed. There might be a different behavior of pulmonary metastases and the primary/recurrent tumor sites with regard to the expression of glucose transporters, as is demonstrated for primary lung cancer and liver metastases [23] . A further reason for the failure of FDG-PET may be the location of the metastases. A few lesions were located close to the myocardium with its physiologically high glucose metabolism which might have resulted in these lesions being missed on the FDG-PET scan In this analysis, attenuation correction did not result in an improvement of the detectability of pulmonary metastases. Nevertheless, further studies are necessary to analyze the role of attenuation correction in FDG-PET examinations performed in pediatnc and young adult patients, as the benefit of attenuation correction in clinical oncological FDG-PET is still discussed controversially in literature [24] [25] [26] . Another important factor to analyze is the influence of treatment on the FDG-PET results, as osteosarcomas and Ewing's sarcomas are highly aggressive tumors and neoadjuvant chemotherapy is usually initiated immediately after confirmation of diagnosis Therefore, many FDG-PET examinations have been performed shortly after initiation of chemotherapy. However, the subgroup analysis of examinations without any chemotherapy demonstrated the same superiority in sensitivity of spiral CT in comparison to FDG-PET. Additionally, sensitivity of FDG-PET was not worse in patients who had the FDG-PET examination during or after chemotherapy than it was in patients who had not undergone any treatment Altogether, sensitivity of FDG-PET in the detection of pulmonary metastases of both, osteosarcomas and Ewing's sarcomas, is unsatisfactory and, thus, FDG-PET cannot be recommended as a single imaging tool to diagnose or exclude pulmonary metastatic disease. However, the false positive rate of FDG-PET is very low, although glucose metabolism is known to be increased in inflammatory processes. In our patient group, only one false positive FDG-PET result was caused by a granulomatous inflammation (tuberculosis) With a specificity of 0 98, FDG-PET can be used to hasten the way to a surgical resection of small CT abnormalities, if FDG-PET results are positive. Additionally, wholebody FDG-PET exposed further metastases outside the lungs which were not known before from the conventional staging. As another analysis demonstrated, FDG-PET revealed to be superior to bone scintigraphy in the detection of osseous metastases from Ewing's sarcoma [11] Furthermore, FDG-PET is a noninvasive method to measure the metabolic activity of the primary/recurrent tumor site during/after chemotherapy and therefore can be used in the monitoring of treatment [9, 10] .
Conclusion
In summery, sensitivity of FDG-PET in the detection of pulmonary metastases from malignant primary bone tumors seems to be lower as compared to spiral thoracic CT. Therefore, at present FDG-PET cannot be recommended to exclude pulmonary metastatic disease from primary osseous tumors. However, as specificity of FDG-PET is high, a positive FDG-PET result can be used to confirm abnormalities seen on thoracic CT scans as metastatic.
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